Cowden syndrome (CS) is clinically presented by multiple hamartomas, often with mucocutaneous lesions, goiter, breast cancer and gastrointestinal polyps. CS is a genetic disorder of autosomal dominant inheritance and is one distinct syndrome of the phosphatase and tensin homolog on chromosome 10 (PTEN) hamartoma tumor spectrum. Noteworthy, PTEN germline mutations are related to a wide range of brain tumors. We performed a systematic analysis and review of the medical literature for Cowden syndrome and meningioma and additionally present the case of a 29-yearold CS patient diagnosed with multiple meningiomas. We found strong evidence for high incidence of brain tumors in CS patients. In particular meningiomas and gangliocytomas/Lhermitte-Duclos disease were often associated with 8% and 9% respectively in CS patients. Since aberrations in chromosome 10q are associated with meningiomas, it is likely that the underlying mutations in CS drive to a certain extent neoplastic meningioma growth. We propose to include meningiomas and brain tumors in the major criteria spectrum of CS-related disorders. This could warrant early diagnosis of brain lesions and close therapy, as well as better monitoring of patients with CS.
INTRODUCTION
Cowden syndrome (CS) is a clinically complex disease that is characterized by multiple hamartomas of ectodermal, mesodermal, and endodermal origin [1] . CS is now well recognized as a highly variable, autosomaldominant hereditary cancer susceptible syndrome with increased risk of developing benign and malignant transformations [1] [2] [3] .
In 1997, CS has first been linked to pathogenic mutations in the phosphatase and tensin homologue deleted on chromosome ten (PTEN) gene, located on chromosome 10q23.31 [4] [5] [6] . It is estimated to affect one in 200,000 individuals with a strong female predominance [7] . However, the incidence of CS before the identification of the underlying PTEN gene mutation was estimated to be 1:1,000,000 [8] . Approximately two-thirds of the mutations in CS occur in exons 5, 7, and 8 of the PTEN gene. Exon 5, which encodes the PTEN phosphatase core motif, comprises merely 20% of the PTEN gene. This domaine is also associated with approximately 40% of the identified mutations in CS [9] . Furthermore, PTEN encodes a dual phosphatase protein that negatively regulates the PI3K-Akt-mTOR pathway.
Given the importance of PTEN as tumor suppressor gene, mutations in the germline of PTEN have been linked to at least four distinct autosomal dominant syndromes including Cowden syndrome, Bannayan-Riley-Ruvalcaba syndrome, Proteus and Proteus-like syndrome. In addition, PTEN has also been found in various sporadic human cancers affecting the brain, breast, colon, thyreoid and endometrium [10] .
Due to its variable clinical presentation, the diagnosis of Cowden Syndrome is still a clinical challenge. In practice, CS comes along with complex phenotypes and various clinical diagnoses which do not necessarily adjunct to genetic testing. However, technical standards have been established in managing PTEN screenings in individuals, such as the Cleveland Clinic adult clinical scoring system. The International Cowden Consortium has also contributed with a list of criteria to assess the diagnosis of Cowden syndrome. These criteria are based on the most common arising clinical features of this disease [11] . In fact, meningiomas and brain tumors are not included in the CS consortium criteria, presumbly due to the lack of data regarding its association with Cowden syndrome. Further, the screening recommendations of the National Comprehensive Cancer Network (NCCN) add help to diagnosing CS. Nevertheless, currently no CS diagnosis criteria provide specific guidelines for cerebral magnetic resonance imaging [11] .
In this paper, we addressed the question whether the PTEN-associated CS appears with increased brain tumor incidence. We found strong evidence for the association between CS and the occurance of meningiomas.
RESULTS
We performed a systematic meta-analysis of meningioma cases in patients suffering from CS (Table 1) .
Our study was based on 109 patients with CS and with confirmed PTEN mutation. We focused on cases of CS with PTEN mutation because, as mentioned above, PTEN is suspected to be a meningioma tumor suppressor gene due to its location on chromosome 10 [12] [13] [14] [15] [16] [17] . According to the fact that CS is prevalent in females, the ratio of female to male in our study was 2.1 : 1 (n=107). The median age of the patients with CS was 43.5 years (n=101). Furthermore, 36 of the 109 patients did not have any malignant neoplasy or brain tumor. The most frequent cancers that we dealed with were breast, thyroid, endometrial, colorectal, and renal cancer as well as brain tumors, inter alia, gangliocytoma/ Lhermitte-Duclos disease and meningiomas (Table 1) . Our results showed the following incidences in CS: breast cancer (37.61%), brain tumor (20.18%), thyroid cancer (14.68%), endometrial cancer (10.09%), colorectal cancer (9.17%), and renal cancer (3.67%). One fifth of patients with CS suffered from brain tumors, making this the second most frequent among the other cancers. The most common tumor in CS patients is breast cancer with nearly 38% of all cases. Within brain tumors, specially meningiomas were highly frequent in CS as confirmed by an incidence of 8.25% of patients with CS.
Although gangliocytomas (9.17%) are the most frequent brain tumors, the incidence of meningiomas is close to the incidence of gangliocytomas making up the majority of brain tumors in CS (Table 1) . Astonishingly, males were more often affected with meningiomas as females (ratio of female to male was 4 : 5). This sex distribution is inverted to the general incidence of meningiomas in females and males (2.1:1). Since the International Cowden Consortium diagnostic criteria were basically drafted two decades ago where diagnostic criteria and imaging techniques were not standardized or simply did not exist, we propose to revise the criteria including menigiomas (Table 2) .
www.impactjournals.com/oncoscience Case Further, we closely followed up the case of a 29-yearold female who was referred to our hospital for the evaluation of her cervical polyps. A diagnostic hysteroscopy with fractional curettage was performed revealing an endometrial carcinoma (grade II). The patient underwent a radical hysterectomy. Postoperative therapy included brachytherapy in afterload technique in the vagina. Approximately 12 months later after a routine clinical examination, she displayed a nodular goiter. The patient underwent a subtotal thyroidectomy. Due to unclear intestinal complaints, a colonoscopy was performed. In an endoscopic examination small polyps were found in the sigmoid colon and rectum from which a biopsy was taken (Figure 1 ). Histopathological investigations revealed the overall picture of a mucosal ganglioneuroma. The neurological examination showed significant dysdiadochokinesia on both sides, as well as an ataxic uncertain gait pattern. Cerebral magnetic resonance imaging (MRI) was performed for further evaluation. MRI scans revealed two infra-tentorial tumorous lesions on the left side (Figure 2 ). Due to tumor increase, a resection www.impactjournals.com/oncoscience Operational diagnosis in an individual (either of the following): 1. Three or more major criteria, but one must include macrocephaly, LDD, or GI hamartomas; or 2. Two major and three minor criteria.
Operational diagnosis in a family where one individual is diagnostic for Cowden syndrome:
1. Any two major criteria with or without minor criteria; or 2. One major and two minor criteria; or 3. Three minor criteria.
International Cowden Syndrome Consortium operational criteria for the diagnosis of Cowden syndrome (in the version of the year 2015) with the addition of meningioma as a major criteria (indicated in red letters). was performed, and the histopathological examination of the excised tumor tissue showed meningioma WHO° I (Figure 3 ). Physical examination revealed macrocephaly, multiple facial papules, gingival fibromas, trichilemmomas and acral keratoses. The family history was inconspicuous concerning CS and neurological syndromes. The patient presented clinical signs all indicative for the Cowden syndrome (Table 2 ). Subsequently, human genetic test detected a novel germline G132F mutation in PTEN gene. This mutation occurs within exon 5, which encodes a portion of the phosphatase domain. Interestingly, the G132F missense mutation has not previously been reported in association with Cowden syndrome.
Finally, we summarized 109 cases of CS from the peer-reviewed literature featured in Supplementary Table S1 .
DISCUSSION
The main purpose of this paper was to investigate the occurrence of meningiomas in patients with Cowden syndome. A particular attention is paid to the role of PTEN mutation in the complex syndrome-related diseases [10] . In fact follows a PTEN inactivation hyperactivation of the PI3K-Akt signaling pathway in many human tumors, including meningioma. Moreover, PTEN mutations predispose to Cowden syndrome. Our results verified for the first time the hidden association of Cowden syndrome with PTEN mutation and meningiomas.
Our observations that brain tumors, including gangliocytoma, are frequently present in Cowden syndrome patients are not novel. However, this study provides strong evidence for a high incidence of meningiomas in patients with Cowden syndrome (gangliocytoma 9%, meningioma 8%). Our data show that approximately 41% of the brain tumor cases (n=22) were meningiomas. This finding is further supported by the sex distribution of meningiomas in CS patients: In fact the female to male ratio of menigiomas in CS patients was 4:5, whereas generally meningiomas show a sex distribution of 2.1 : 1 (female to male). This sex distribution does not follow the normal distribution of mengiomas and thus is another independent evidence for the specific association of meningiomas in CS.
An important implication of these findings is that meningiomas should be taken under consideration by monitoring of patients with Cowden syndrome. Thus, we propose to include neurological diagnostic criteria for encompassing all clinical features of Cowden syndrome.
Although meningiomas are frequent, it is still uncertain whether one part of the PTEN gene sequence accounts for meningioma or whether multiple mutations in various genes cause this tumor entity.
The association between Cowden syndrome, PTEN mutation, and meningiomas is of clinical relevance. The universal use of non-invasive brain imaging techniques such as cerebral computerized tomography (C-CT) and www.impactjournals.com/oncoscience magnetic resonance imaging (MRI) can dramatically improve the diagnostic ability of this type of tumor. Early diagnosis and close monitoring of patients with Cowden syndrome is important in view of the malignancies associated with this rare disease. Considering that 20% of Cowden syndrome patients tend to develop brain tumors (Figure 4) , further investigations on the relation between Cowden syndrome, PTEN mutation, and meningiomas is warranted. The presented data from our cohort investigation give good evidence to include brain tumor monitoring to the criteria of the International Cowden Consortium and screening recommendations of the National Comprehensive Cancer Network (Table 2) . Thus we propose to consider meningiomas in patients with CS and other PTEN-related diseases such as PTEN Hamartoma tumor syndrome.
MATERIALS AND METHODS
A systematic review of published results was performed by the authors using PubMed (http://www. ncbi.nlm.nih.gov/pubmed). The search terms used were Cowden syndrome, Cowden disease, multiple hamartoma syndrome, PTEN, MMAC1, meningioma, PTEN hamartoma tumor syndrome (PHTS). We only used reports from 1995 to 2016 and excluded cases with patients less than 18 years of age or non-English written reports. Cases were included when Cowden syndrome patients and PTEN mutation and tumor were reported. Cases that included patients without examination of the central nervous system were excluded. The data collected was as follows: age, gender, PTEN mutation, MRI examination, breast tumor, thyreoid tumor, endometrial tumor, renal cancer, colorectal cancer, and brain tumors.
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